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Summary 1 
• In style dimorphic species, pollinator attraction is crucial to promote cross-pollination2 
between floral morphs. Narcissus papyraceus presents dimorphic and monomorphic3 
populations, visited primarily by long-tongued and short-tongued pollinators4 
respectively. The maintenance of the polymorphism is associated to long-tongued5 
insects (moths), as they deliver pollen to short-styled flowers (S). Here we aimed at6 
identifying the importance of the floral corona as visually and fragrantly attractive7 
trait, and its consequences for the fertility of the morphs.8 
• We described UV reflectance patterns of the floral parts, and used neutral red to9 
identify parts with higher osmophore concentration. We also characterised volatile10 
organic compounds in intact flowers and in flowers with trimmed coronas. Finally, we11 
conducted a field experiment to evaluate the consequences of corona removal for seed12 
production, in stands with solitary plants and in groups to control by pollen limitation.13 
• Narcissus papyraceus flowers are white, with reflectance of tepals and corona above14 
400 nm wavelength. The largest concentration of osmophores appeared in the corona,15 
but all floral parts produced similar volatiles. Across dimorphic and monomorphic16 
regions, S flowers without corona suffered a reduction in seed production of ca. 50%,17 
while fertility in L flowers virtually remained unchanged. Plants in solitary stands18 
suffered a strong reduction in fertility, which was more pronounced in the19 
monomorphic region.20 
• Our results support the hypothesis that the corona in Narcissus is important for floral21 
scent production and attraction of long-tongued pollinators, which are critical for the22 
pollination of S flowers and the maintenance of the polymorphism.23 
24 
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Introduction 
The great diversity of floral forms in Angiosperms has largely been interpreted in the 
context of pollination and the evolution of adaptations to attract animal pollinators (Faegri & 
van der Pijl, 1979; Fenster et al. 2004). Much research on plant-pollinator interactions has 
focused on floral traits associated to visual signals to understand floral evolution (Schemske 
1980; Chittka & Menzel 1992; Harder & Barrett 1995; Borges et al. 2003; Armbruster et al. 
2005; Harder & Johnson 2005; Parachnowitsch & Kessler 2010; Fenster et al. 2015). Floral 
scents have also been recognized as important traits to attract animal pollinators (Raguso 
2008; Schiestl 2015), although quantitative estimates of their adaptive value are less abundant 
(but see Schiestl et al. 2011; Parachnowitsch et al. 2012). This is surprising because, as 
phenotypic trait, floral fragrances are extremely variable across lineages, species and ecotypes 
and populations (Galen et al. 1987; Galen & Newport 1988, Dobson et al. 1997; Odell et al. 
1999; Ashman et al. 2005; Burdon et al. 2015; Prieto-Benitez et al. 2016b). Furthermore, 
floral scent has played an important role to depict pollination syndromes, particularly to 
describe pollination associated to nocturnal moths, mammals, carrion- and dung-seeking 
insects and male euglossine bees (Fenster et al. 2004, Dobson 2006, and references therein). 
Furthermore, several studies have shown that some pollinators are more attracted to particular 
floral volatile compounds (Knudsen & Tollsten 1993; Andersson 2003; Milet-Pinheiro et al. 
2012; Schietl & Dötterl 2012; Riffel et al. 2013; de Vega et al. 2014; Larue et al. 2016), 
whereas an important role has also been identify for defence against insect herbivory (see 
Schiestl 2010 for a review). 
The hypothesis of pollinators as important ecological drivers for plant reproduction 
was firstly put forward by Sprengel (1793, 1996). This work inspired Darwin to develop an 
evolutionary perspective (reviewed in Barrett 2010), when he recognized cross-pollination 
and avoidance of selfing as important mechanisms to increase female fertility (Darwin 1876; 
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1877), and animal pollinators as relatively efficient agents to collect pollen from anthers and 
delivering it to stigmas (Darwin 1862; 1877). However, the vast majority of angiosperms are 
hermaphrodites, and very often pollen lands on the stigma of the same flower or another 
flower from the same plant, resulting in self- and geitonogamous pollination, respectively. 
Detrimental effects of selfing have favoured the evolution of traits to avoid self-pollination 
and promote cross-pollination, such as spatial (hercogamy) and temporal (dichogamy) 
separation of sex organs (Lloyd & Webb 1986; Webb & Lloyd 1986), and genetic 
incompatibility systems (Nettancourt 1997). These mechanisms increase plant dependency on 
animal pollinators, and selection on accuracy of the organs involved in pollen transfer 
(Armbruster et al. 2009). One of the most studied floral adaptations to promote effective 
pollen pick up from anthers and delivery to stigmas are stylar polymorphisms, which include 
heterostyly, style dimorphism and related cases (Barrett 2002). Heterostylous species include 
two (sometimes three) discrete floral morphs within populations. These morphs have anthers 
and stigmas placed at reciprocal heights, in such a way that stigmas receive pollen mostly 
from flowers of the opposite morph; that is, they undergo disassortative mating (reviewed in 
Barrett et al. 2000). Lloyd & Webb (1992) proposed that stylar polymorphisms are likely to 
evolve if appropriate pollinators place pollen from the different morphs on different parts of 
their bodies (Barrett 2002; Armbruster et al. 2006), an argument first launched by Darwin 
(1877). Thus, pollinator behaviour becomes prominent in building up and maintaining stylar 
polymorphisms, although unequivocal evidence for that is scarce, being experimental (Stone 
& Thomson 1994; Lau & Bosque 2003; Pérez-Barrales & Arroyo 2010, Simón-Porcar et al. 
2014) and comparative in populations and species with different pollinator arrays (Arroyo & 
Dafni 1995; Pérez-Barrales et al. 2006; Santos-Gally et al. 2013b). The evidence also shows 
that both the abundance and distribution of floral morphs (Thompson et al. 2003; Cesaro et al. 
2004; Stehlik et al. 2006; Brys et al. 2007; Meeus et al. 2012), and the fit between flowers 
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and pollinators (Massinga et al. 2005, Armbruster et al., 2006, Perez-Barrales et al. 2007, 
2014) are critical for the maintenance of the polymorphism. In contrast, less is known about 
the influence of floral display on female fertility of the morphs (but see Brys et al 2004; 
Garcia-Robledo & Mora 2007; Brys & Jacquemyn 2010), or how floral fragrances influence 
their pollination (but see Ashman 2009).  
Narcissus papyraceus is a Mediterranean style dimorphic bulb geophyte with white 
and sweet scented flowers. Flowers typically present a wide corona and a long and narrow 
floral tube at the bottom of which nectar accumulates. This combination of traits fits with an 
apparent nocturnal moth pollination syndrome (Faegri & van der Pijl 1979), and it has been 
suggested that the floral corona present in most of the species functions as scent producing 
organ (Vogel & Müller-Doblies 1975; Effmert et al. 2006). Flowers are either long- (L) or 
short-styled (S), the stigma of the latter being placed deep into the floral tube below the 
anthers; thus, only long-tongued pollinators deliver pollen on the stigmas of S-flowers, 
whereas L-flowers can be reached by long and short tongued pollinators (Simón-Porcar et al. 
2014). Populations of N. papyraceus are either dimorphic (i.e. two morphs are present in the 
populations), or long-styled monomorphic, and they differ in the composition of the pollinator 
fauna: dimorphic populations are mainly visited by nectar seeking long-tongued insects, 
including nocturnal moths, and monomorphic populations are mostly visited by pollen 
collecting short-tongued hoverflies (Pérez-Barrales et al. 2007; Pérez-Barrales & Arroyo 
2010, Santos-Gally et al. 2013b). The species is self-incompatible but plants of the same 
morph are fully cross-compatible (Arroyo et al. 2002; Simón-Porcar et al. 2015a), therefore 
plants require visits by insects to set seeds. Arroyo et al. (2002) described a gradual loss of S- 
plants in populations and proposed that such pattern was driven by the shift in pollinator type 
because short-tongued insects cannot reach short stigmas. Moths seem to be attracted by N. 
papyraceus fragrance, particularly by its high content in the monoterpene trans-ß-ocimene 
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and the aromatic benzyl acetate (Dobson et al. 1997), whereas the white flat tepals and a 
central yellow spot (i.e. anthers) represent a model that has been shown to be attractive for 
pollen-seeker hoverflies (Dinkel & Lunau 2001).  
In the present study, the influence of the floral corona on the female fertility of N. 
papyraceus flowers was investigated under the contrasting pollination environments, with 
predominantly long-tongued and short-tongued pollinators. Firstly, the potential role of the 
corona to attract pollinators visually or by means of scent production was examined. The 
reflectance spectra of the floral corona and tepals were characterized in L and S flowers. 
Then, neutral red stain was used to describe the distribution of tissues with osmophoric 
function in flowers, and volatile organic components (VOCs) were measured in intact flowers 
and in flowers where the corona had been removed. Secondly, to understand the importance 
of the corona on pollination, seed production was studied under experimental conditions in a 
factorial design, where the floral corona was removed from plants distributed individually or 
in groups. Specifically, we tested the hypothesis that, if the corona is an important organ to 
attract long-tongued pollinators (e.g. nocturnal moths), its removal will have a stronger 
impact on seed production of S-flowers than L-flowers, as the latter can be pollinated by 
different pollinator arrays. In addition, the importance of pollinator visits and pollen transfer 
dynamics on seed production prompted by the two pollinator arrays (hoverflies usually visit 
all flowers in a plant and a patch while moths make flights among distant flowers, Herrera 
1987) was examined by manipulating the size (solitary vs 3-plant groups) and distance (>150 
m) among experimental plots, to test for a possible distance effect (see Barthelmess et al. 
2006). 
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Material and Methods 
Study species and populations 
Narcissus papyraceus is distributed along the Mediterranean basin, and it is more abundant in 
the Strait of Gibraltar region (SW Iberian Peninsula and NW Morocco). Populations are large 
and dimorphic in the core region of the Strait of Gibraltar, while smaller and L-styled 
monomorphic in the northern range margin (Arroyo et al. 2002). This geographic pattern of 
variation in the polymorphism follows a clinal gradient, from isoplethy (equal morph-ratio) to 
anisoplethy (L>S) and to L-monomorphism (Fig. 1). Flowering season usually starts in mid- 
November in isoplethic populations from coastal areas near the Strait of Gibraltar and it ends 
in late March in L-monomorphic populations from inland and highland areas. An individual 
flower blooms during 7-15 days depending on pollination success, and an entire population 
blooms approximately between six to eight weeks (Arroyo et al. 2002). Flowers are displayed 
in umbels of 5-15 flowers, but only the first 7-8 flowers produce fruits and thus only these 
were subjected to experiments described below. Of the 26 compounds identified in the floral 
scent, the most abundant is trans-β-ocimene (70%), followed by benzyl acetate and indole 
(Dobson et al. 1997). Populations are visited by short-tongued diurnal pollinators (67% and 
75% of the visits in dimorphic and monomorphic populations), most of them being hoverflies 
(61% and 74% respectively) which collect pollen. Dimorphic and monomorphic populations 
differ on the visitation rates from short-tongued insects (0.1 visits min
-1
 in and 0.8 visits min
-1 
respectively). In contrast, long-tongued nocturnal insects (mostly moths) are relatively more 
frequent in dimorphic populations, and more efficient pollinators than diurnal insects (Pérez- 
Barrales et al. 2007; Pérez-Barrales & Arroyo 2010; Santos-Gally et al. 2013b). 
Floral colour, floral organ for scent production and identification of floral volatile organic 
compounds (VOCs) in N. papyraceus 
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The colour of N. papyraceus flowers was characterized using an Ocean Optics USB-2000 
spectrometer and a Top Sensor System Deuterium-Halogen DH-2000 lamp as a standardized 
light source (DT-MINI-GS-2). Reflectance was measured as the proportion of a standard 
white reference tile (WS-1 SS; Ocean Optics, Duiven, The Netherlands). A coaxial fibre cable 
(QR-400-7-UV-VIS-BX; Ocean Optics) was used for all measurements and the distance 
between the sample and the measuring probe was held constant. The angle of illumination and 
reflection was fixed at 45°. Spectra data were processed with the software Spectrasuite 
(version 10.4.11; Ocean Optics) and calculated in 5 nm wide spectral intervals over the range 
of 300-700 nm, which is the visual range for most pollinators. Reflectance was measured in 
the external and internal tepals, and the outer and inner part of the corona in 24 flowers. In 
addition, reflectance was measured in five anthers of a flower and in the stem of 10 plants as a 
control measure.  
In order to locate the floral parts with osmophores, 10 flowers from both dimorphic 
(five flowers from each morph) and monomorphic populations were selected and submerged 
for two hours in an aqueous solution of 0.001% (w/v) neutral red (Dafni 1992; Kearns & 
Inouye 1993). To quantify floral VOCs, 10 plants (five for each morph) were collected from a 
dimorphic population, and transported to the greenhouse at the University of Seville until 
flowering to extract floral VOCs. In order to control for individual effects, two flowers per 
inflorescence and per morph were selected, and one of them remained intact (control), 
whereas in the other the crown was removed (treatment). This was replicated across the ten 
collected individuals. Floral VOCs were collected from the potted plants using dynamic 
headspace sorption. A single flower was enclosed within a microwave-safe oven bag (ITS ® 
Nagelpoelweg, Netherlands). Volatile compounds were adsorbed during 15 minutes on a trap 
of 5 mg of Porapak Q (Mesh size 80⁄100; Alltech Associates Inc., Deerfield, IL, USA) 
connected to a battery-operated vacuum pump (SKC Inc., Eighty Four, PA, USA), which 
11 
drew the air through the bag and trapped VOCs at a constant rate of ca. 150 mL min
-1
. Filters1 
were sealed and stored at –20°C until extraction in the laboratory. All floral odour samples 2 
were analysed with a gas chromatograph (GC; Agilent 6890 N) and a mass selective detector 3 
(MSD). The separation of VOCs was conducted with an HP5 column (5%- Phenyl-4 
methylpolysiloxane, 30m x 0.32mmØ x 0.25 lm film thickness; Agilent Technologies), with 5 
helium as a carrier gas. One microliter of the odour sample was injected splitless at a 6 
temperature of 50 ºC (3 min) followed by opening of the split valve and programming to 250 7 
ºC at a rate of 5 ºC min
-1
. Chromatogram outputs were recorded by the Chemstation program8 
(Agilent Technologies). VOCs were identified by comparing their mass spectra and retention 9 
times with those integrated in the NIST library and those of authentic standards. To calculate 10 
absolute amounts from peak areas, a response factor was used, which was calculated as the 11 
mean response of 100ng of three reference compounds (cresol, limonene, 3-hexen-1-ol) in the 12 
GC-MS. This approach did not always allow us to identify which isomer was present, and two 13 
compounds could not be identified (RT 3.47 and RT 3.81). Because we only compared the 14 
amount of VOCs between morphs with and without corona, we did not calculate the absolute 15 
amounts of compounds. Instead, peak areas of total ion chromatograms were used and ln (1 + 16 
x) transformed for comparative analyses.17 
18 
Corona removal, pollen limitation and seed production of L and S plants in experimental 19 
populations 20 
The experiment was conducted in the dimorphic isoplethic region (Sierras de Algeciras cork 21 
oak open woodlands, Cádiz prov., 36º 15’ 15’’N, 5º 21’ 31’’W, #2 in Fig. 1) and the 22 
monomorphic region (Aznalcázar pine woodlands, Seville prov., 37º 15’ 47’’N, 6º 13’ 12’’W, 23 
#1 in Fig. 1). Between December 2004 and January 2005, long-styled and short-styled plants 24 
in a similar floral bud developmental stage were collected from a large dimorphic isoplethic 25 
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population (#3 in Fig. 1). Plants were transferred to pots with a mix of peat and perlite (3:1) 
and watered daily in the greenhouse of the University of Seville (Spain). Plants were 
randomly assigned to all combinations of treatments in a factorial design to asses the effects 
of floral morph (S- or L-styled plants), corona manipulation (intact or removed with fine 
scissors immediately after flower opening) and limited compatible pollen, with plants in 
solitary stands or in groups (assuming that the former do not have compatible pollen nearby, 
whereas the latter do). Groups included three different individual plants of the same morph to 
avoid a complex experimental design (the experiment was not design to estimate assortative 
vs disassortative mating on seed production, see Pérez-Barrales & Arroyo 2010 and Simón- 
Porcar et al. 2014 for specific tests). The experiment in the dimorphic and monomorphic 
region started in December 2004 and January 2005 respectively (sites #2 and #1 in Fig. 1). 
Each treatment combination included three replicates, and replicates were placed randomly in 
the field at least 150 m distant apart from one another to reduce pollen flow among plots (this 
distance was presumed to be conservative, as shown for Silene species pollinated by a similar 
nocturnal and diurnal pollinator array, where pollen flow is negligible at distances longer than 
80 m, Barthelmess et al. 2006; Barluenga et al. 2011). A total of 48 plants were used per 
region. The areas selected for the study were inspected previously to the initiation of the 
experiment, to ensure that there were not naturally co-occurring populations within 2-3 
kilometres range, and avoid uncontrolled pollen flow. Experimental arrays were left in the 
field until all flowers withered, and plants were transported back to the greenhouse for fruit 
maturation to avoid fruit loss or uncontrolled damage. Previous experiments have shown that 
N. papyraceus plants are resistant to manipulations during their development (Arroyo et al. 
2002, Pérez-Barrales & Arroyo 2010). When ripen, fruits were collected, and the number of 
seeds and undeveloped ovules per flower were counted under a stereomicroscope.  
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Experimental control of the effect of corona manipulation on seed production 
To control by the possible effects of corona manipulation on seed production, between 
December 2005 and January 2006, 30 patches with L and S plants were randomly selected in 
a large population in the dimorphic area (#3 in Fig. 1). Per patch, two plants per morph were 
selected and the corona was removed in 1-3 flowers in one plant per morph, and left intact in 
the other two plants. To control by the possible role of the corona on pollinator attraction, all 
flowers were supplemented with pollen from other plants. After six weeks, fruits we 
harvested and seeds counted as described above. 
Statistical analyses  
MANOVA was used to compare VOCs between treatments nested within plants, where the 
morph was included as a fixed factor; however, due to sample size limitations, plants were not 
nested within morph. To test for the effect of corona removal and limited compatible pollen 
on seed production of L and S plants, generalized linear models (GLM) were performed on 
the data collected from the experimental settings in the dimorphic and monomorphic regions, 
respectively. In these analyses, the main effects (morph, corona manipulation and group size), 
and the interaction effects morph x corona manipulation, morph x group size and corona 
manipulation x group size were included. Posthoc analyses (least significance difference) 
were conducted when a statistically significant interaction effect was detected. To evaluate the 
possible effect of corona manipulation on seed production, a two-way full factorial GLM was 
performed where corona manipulation and morph were included as fixed factors and seed 
production as the response variable. For this analysis, a generalized estimating equation 
(GEE) was used using the AR(1) working correlation structure, in which patch was set as 
repeated measured to account for lack of independence in seed production of L- and S- plants 
within each patch. Because overdispersion was detected in the response variable seed 
14 
production, a negative binomial error distribution was used to conduct the GLM analyses, and 1 
the predicted means and standard errors were retrieved from the models. The analyses on 2 
VOCs were conducted in R version 3.2.1 (R Core Team 2013), whereas the GLMs were run 3 
in SPSS v. 23 for Mac (IBM. Corp. 2016). 4 
5 
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Results 
Floral colour, floral organ for scent production and identification of floral volatile organic 
compounds (VOCs) in N. papyraceus 
Figure 2 shows the mean and s.e reflectance measured in 24 flowers calculated in 5 nm wide 
spectral intervals over the range of 300-700 nm. All the floral parts measured were reflective 
at around 425 nm. Reflectance was larger in the inner and outer tepals than the corona, with 
values around 60%. The measures taken in the external parts of the corona presented a peak at 
ca. 425 nm, with ca. 60% reflectance, after which reflectance declined, whereas the measures 
taken in internal part of the corona showed reflectance values below 50%.  
A visual inspection of N. papyraceus flowers from the two populations subjected to 
the neutral red test revealed that, in cases, the corona stained the most, while staining was 
weaker in the rest of the floral (Fig. 3). A qualitative comparison showed that flowers from 
dimorphic population stained similarly, regardless the morph. With regards fragrance 
production, a total of ten VOCs were identified in N. papyraceus (Fig. 4). The two dominant 
compounds were the monoterpene cis-b-ocimene and the aromatic benzyl acetate (Fig. 4). 
There was not statistically significant effect of the morph and the corona removal treatment 
within plants (MANOVA: F1 = 0.64, P = 0.750; F1 = 2.72, P = 0.295, respectively). 
Corona removal, availability of compatible pollen and seed production of L and S plants in 
experimental populations 
The analyses of seed production in L and S plants revealed similar patters between the 
dimorphic and monomorphic region, with few exceptions. In both regions, the terms morph, 
group and the interaction term morph x corona manipulation were statistically significant 
(Table 1). On average, L plants produced more seeds per flower than S flowers (estimated 
mean ± s.e in the dimorphic region, L: 9.19 ± 1.38 and S: 6.39 ± 1.24; monomorphic region, 
16 
1 
2 
3 
± 0.74). The results of the interaction term morph x corona manipulation were similar in the4 
dimorphic and monomorphic region (Fig. 5). Flowers of L plants did not differ in seed 5 
production in relation to corona removal (P = 0.97 in dimorphic region, Fig. 5a; P = 0.64 in 6 
monomorphic region, Fig. 5b), whereas S plants did (P = 0.043 in dimorphic region, P = 0.05 7 
in monomorphic region). The comparisons between morphs revealed that the reduction in 8 
seed production with corona removal was stronger in S flowers than L flowers (P < 0.001 in 9 
dimorphic region and P = 0.002 in monomorphic region), with larger reduction in the 10 
monomorphic region (Fig. 5b). In contrast, both morphs produced similar seed number when 11 
the corona was left intact (Fig. 5a and b).  12 
Across regions, the term corona manipulation was statistically significant only in the 13 
monomorphic region (Table 1), and plants with corona produced more seeds (12.11 ± 2.29) 14 
than those where the corona had been removed (7.86 ± 0.83). In addition, the interaction term 15 
morph x group was statistically significant in the dimorphic region (Table 1, Fig. 6). Both L 16 
and S plants in groups produced more seeds than in solitary stands than in groups (P = 0.021 17 
for comparison between L flowers; P < 0.001 for comparisons between S flowers, Fig. 6a). In 18 
contrast, solitary stands of S plants produced less seeds per flower than solitary stands of L 19 
plants (P < 0.0001, Fig. 6a). In the monomorphic region, the patterns between L and S plants 20 
were similar, and seed production per flower was lower in solitary stands than in groups (Fig. 21 
6b). For both dimorphic and monomorphic regions, the term corona x group was not 22 
statistically significant (Table 1).  23 
24 
25 
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L: 11.67 ± 1.38 and S: 8.16 ± 1.32). In addition, plants in groups produced on average more 
seeds per flower (dimorphic region: 15.61 ± 1.50, P < 0.001, monomorphic region: 26.49 ± 
1.93) than plants in solitary stands (dimorphic region: 3.76 ± 0.91, monomorphic region: 3.60 
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Experimental control of the effect of corona manipulation on seed production 
The effect of corona removal on seed production was not statistically significant (Wald Chi- 
square = 0.545, d.f. = 1, P = 0.46), but there was a significant effect of the term morph (Wald 
Chi-square = 11.60, d.f. = 1, P = 0.001). On average, L plants produced more seeds per flower 
(11.28 ±1.03) than S plants (6.31 ± 0.87). The interaction term morph x corona was also 
statistically significant (Wald Chi-square = 10, d.f. = 1, P = 0.002). Specifically, L flowers 
with the corona removed produced less seeds than those where the corona was left intact (L 
flowers with corona removed: 9.55 ± 1.09; L flowers with corona: 13.11 ± 1.71), whereas the 
opposite trend was detected for S flowers (S flowers with corona removed: 8.09 ± 1.35; S 
flowers with corona: 4.93 ± 0.80). 
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Discussion 
Narcissus species display substantial morphological variation in the corona, including size, 
shape and colour (Blanchard 1990). Although this variation has been valuable for species 
classification (Webb 1980), and frequently assumed as important to attract pollinators (Vogel 
& Müller-Doblies 1975; Marques et al. 2007), its functional significance for pollination has 
been scarcely explored (but see Herrera 1995). The present study aimed at identifying the 
potential role of the corona of N. papyraceus for pollinator attraction, and testing its 
importance for female fitness.  
Floral corona as visually and fragrantly attractive trait 
Narcissus papyraceus flowers present a combination of traits typical of flowers with 
nocturnal pollination, with white and fragrant flowers (Dobson et al. 1997), and reflectance 
patterns similar to other species with nocturnal pollination (Raguso et al. 2003). The 
application of neutral red showed that the corona stained more intensively than other floral 
parts, without substantial differences between morphs or populations. These results suggest 
that the corona bears a relatively high concentration of osmophores compared to other floral 
parts, as found in the green-flowered Narcissus viridiflorus (Vogel & Müller Doblies 1975). 
Application of neutral red has been useful to localize osmophore tissue in order to identify 
scent producing organs (Stern et al. 1986; Wiemer et al. 2009). In our study, the 
characterization of VOCs in intact flowers showed that L and S produce similar compounds, 
as found in Primula eliator and P. farinosa, two distylous species with similar fragrance 
chemistry between morphs (Gaskett et al. 2005). However, VOCs identified in flowers with 
the corona removed were similar to those characterized in intact flowers. Although all floral 
parts in N. papyraceus produce similar compounds, our estimates of VOCs production did not 
allowed quantifying variation in the rate of production among different floral organs (Burdon 
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et al. 2015; Prieto-Benitez et al. 2016a), or whether emission of compounds followed a 
diurnal and nocturnal pattern, which could affect the attraction of nocturnal and diurnal 
visitors (Balao et al. 2011; Burdon et al. 2015; Prieto-Benitez et al. 2016a). In N. papyraceus, 
pollination by nocturnal insects is important for female fertility in dimorphic populations 
(Pérez-Barrales & Arroyo 2010), and it is possible that nocturnal fragrance production plays 
an important role in the attraction of insects. In this study, samples were collected at night and 
one of the most abundant VOCs was aromatic benzyl acetate, which has been found to elicit 
antennal responses in the hawkmoths Sphinx perelegans and Hyles lineata (Spinghidae: 
Lepidoptera), two pollinators of night-blooming species (Raguso et al. 1996; Raguso and 
Light, 1996). To better understand the role of floral scent for pollination in Narcissus, future 
research should incorporate assessment of circadian patterns in fragrance emission in relation 
to the attraction of diurnal and nocturnal pollinators (see Ruiz-Ramón et al. 2014 for diurnal 
and nocturnal VOCs production in cultivated daffodils), as well as the associated 
physiological response of different pollinators arrays.  
The effect of corona on seed production 
The natural geographic variation of floral visitors in N. papyraceus populations offers unique 
opportunities to indirectly test the response of different pollinator guilds to corona 
manipulation, and the consequences for seed production. The results of the experiment 
revealed similar patterns of variation in the dimorphic and monomorphic regions. Corona 
removal had a detrimental effect only in the pollination of S flowers, with 50% reduction in 
seed production in both regions (Fig. 5). Furthermore, the comparison between morphs 
revealed that seed production was similar in unmanipulated L and S flowers. S-flowers 
require the visit of long-tongued insects to successfully deposit pollen on the stigmas (Simón- 
Porcar et al. 2014). In addition, in dimorphic populations, nocturnal pollination by moths is 
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relatively more important for female fertility of S flowers than diurnal pollination (Pérez- 
Barrales & Arroyo 2010). In contrast, both long-tongued and short-tongued pollinators can 
deliver pollen to L stigmas (Simón-Porcar et al. 2014). If the corona is important in the 
attraction of nocturnal pollinators, our results are consistent with the hypothesis that a 
reduction in fragrance emission through corona removal would reduce the frequency of 
visitation by moths (Knudsen & Tollsten 1993; Raguso & Willis 2002; Balao et al. 2011; 
Burdon et al. 2015). The corona could also be involved in the visual attraction of pollinators 
(Borges et al. 2003; Armbruster et al. 2005). In fact, syrphid flies are important visitors in the 
monomorphic region, and they usually respond to floral patters of white background with a 
central yellow spot (Dinkel & Lunau 2001; Lunau 2014, although fragrant stimuli is also 
important, particularly in non-yellow flowers, Primante & Dötterl, 2010). However, if the 
corona were important for visual attraction, L- flowers with trimmed coronas would have also 
experienced a reduction in fitness. Instead, the reduction occurred only in S-flowers, which 
suggests that the corona is visually unimportant (but different pollinators could provide 
different responses to corona manipulation, see Medel et al. 2003). As visual signalling, the 
corona might be relevant in species with contrasting colour patterns (Arroyo & Dafni 1995, 
Marques et al. 2007). In our study, we cannot rule out if the lower reflectance pattern of the 
internal part of the corona compared to the tepals could represent a contrast for insect 
approaching flowers frontally, as it occurs with hawkmoths. For insects approaching laterally, 
as hover flies do, the corona displays a similar colour patter than the rest of the perianth. This 
deserves future investigations. 
We conducted an experiment to assess the possible confounding effects of corona 
removal on seed production (e.g., reduction caused by damage, resource re-allocation), but the 
control experiment showed that this was not the case. Hence, the results obtained in the 
experimental plots are not an artefact of the corona manipulation. Although there were 
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differences between morphs in the control experiment, these did not contradict our findings. 
Instead, we think the results might be related to our unequal ability to conduct hand- 
pollinations in L and S flowers (e.g. stigmas in L-flowers are more exposed than those in S- 
flowers).  
The purpose of grouping plants in experimental plots aimed at avoiding the possible 
confounding effects of the incompatibility system in N. papyraceus (Arroyo et al. 2002), and 
testing the effect of distance between compatible plants according to pollinator type. In 
general, solitary plants always produced fewer seeds than grouped plants (Fig. 6), probably 
due to a limitation of compatible pollen, and the reduction in fitness was stronger in the 
monomorphic than the dimorphic region. Grouped plants probably increase floral display and 
pollinator attraction (Harder & Barrett 1995; Harder et al. 2001; Harder & Johnson 2005; 
Bolstad et al. 2010). It was remarkable to find that the interaction effect group x morph was 
statistically significant only in the dimorphic populations. Specifically, differences in seed 
production between S plants in solitary stands and in groups were greater than those observed 
in L plants. The relative contribution of long-tongued vs. short-tongued visitors in the 
dimorphic region is more important than in the monomorphic region (Santos-Gally et al. 
2013b). It could be possible that the former were able to bring compatible pollen to solitary 
plots from nearby plots (ca. 150 m. distant apart). The reproductive success of S flowers relies 
on the prevalence of disassortative pollen transfer mediated by long-tongued pollinators 
(Thompson et al. 2003; Cesaro & Thompson 2004; Simón-Porcar et al. 2014), which might 
be more limited in solitary S stands. Female fitness of L plants can be achieved under 
different pollinator arrays, regardless the morph of the pollen donor (Pérez-Barrales & Arroyo 
2010; Simón-Porcar et al. 2014). Previous research has shown that pollen dispersal is more 
efficient with nocturnal pollinators, although it usually declines and becomes negligible 
within 100 m (Barthelmess et al. 2006; Barluenga et al. 2011). With diurnal pollinators, 
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pollen dispersal also declines with distance (Shulke & Waser 2001; Opedal et al. 2017). Our 
results indicate that solitary plots received visits that resulted in seed production, but the 
relatively low seed production suggests that visitation rate and the arrival of out-crossed 
pollen was low (Jennersten & Nilsson 1993; Engel & Irwin 2003). This was particularly 
evident in the monomorphic region, where visitation rates by syrphid flies are high, and 
usually pay visits among close flowers within the same or nearby plants (Pérez-Barrales R, 
personal observation).  
It was surprising to find that experimental plots of S flowers produced seeds in the 
monomorphic region (but see Simón-Porcar et al. 2014). The main visitors in this region are 
short-tongued insects, which are inefficient in the pollination of S flowers (Arroyo et al. 2002, 
Pérez-Barrales et al. 2007, Pérez-Barrales & Arroyo 2010); instead, they promote self- 
pollination and a reduction of seed production (Arroyo et al. 2002; Simón-Porcar et al. 2014). 
Discordance with our expectations refers only to long-tongued pollinators. It is important to 
highlight that our data was collected in a single blooming season, and other Narcissus species 
have shown a strong between-year variability in pollination and female fertility, probably 
associated to availability of pollinators (Baker et al. 2000).  
The role of the corona in the function of style polymorphism in Narcissus 
The form and size of the corona, together with the floral tube, have been proposed as 
important traits for the evolution and maintenance of style polymorphism in Narcissus 
(Graham & Barrett 2004; Pérez et al. 2004; Barrett & Harder 2005; Pérez-Barrales et al. 
2006; Santos-Gally et al. 2013a). Species pollinated by large bees usually present medium 
size cup-shaped coronas that allow bees to closely fit flowers, and increase the accuracy in the 
placement of pollen from different morphs on different parts of their bodies, as the Darwinian 
hypothesis on the evolution of heterostyly predicts (Lloyd & Webb 1992). Other species with 
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larger and wider coronas and tubes provide basking sites due to higher temperatures inside the 
flower, where insects move freely (Herrera 1995), although these species are style 
monomorphic (Narcissus sect. Pseudonacissi and Bulbocodii). Experimental manipulations 
have helped to quantify the value of flower traits in the attraction of pollinators (Borges et al. 
2003; Armbruster et al. 2005). To our knowledge, the present study provides the first 
experimental evidence on the adaptive value of the corona in a style dimorphic species by 
measuring its effects on seed production. It was unpractical to obtain data on insect visitation 
in the experimental plots due to the low visitation rates and the difficulties of observing 
nocturnal pollinators (Pérez-Barrales et al. 2007). Although VOCs production in the corona 
was similar to those produced in the rest of the flower, the relatively high concentration of 
osmophores suggests that fragrance emission is greater. Hence, it is likely that the floral 
corona is important for the attraction of nocturnal moths, which largely contribute to the 
maintenance of style polymorphism (Pérez-Barrales & Arroyo 2010). A reduction in the 
visitation rate of long-tongued pollinator could reduce the fertility of S-plants, which would 
explain their absence in monomorphic populations. Surprisingly, our results in the 
monomorphic area do not support this prediction. We think that these results might be related 
to particular mild weather conditions during the study period (monomorphic populations 
usually flower during colder periods with freezing nocturnal temperatures than dimorphic 
populations), which can change dramatically the composition of pollinator fauna. Long-term 
studies are required to evaluate yearly fluctuations in pollinators and implications for 
pollination (Herrera 1987; 1988; Fabina et al. 2010). Nevertheless, one of the key results of 
our study, i.e. corona removal affected seed production of S flowers dramatically (Fig. 5), can 
only be explained in terms pollination by long-tongued pollinators (mostly moths and 
hawkmoths), most likely through olfactory quantitative stimuli or a subtle visual stimuli. 
Corona was less important for seed production in L-flowers. Probably, opportunistic short-
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tongued insects (mostly syrphid flies) use more floral cues and pollinate equally L-flowers 
with or without coronas (see discussion above). Here we provided a mechanistic explanation 
for former results (Pérez-Barrales & Arroyo 2010; Simón-Porcar et al. 2015b) on the role of 
contrasting pollinator groups. 
The diverse pollinator arrays and shifts are present in other Narcissus species, both 
across populations (N. tazetta, Arroyo & Dafni 1995) and species (N. rupicola, N. watieri, 
Pérez-Barrales et al. 2006; Narcissus subgenera Hermione, Santos-Gally et al 2013a). While 
pollinator shifts have been associated to perianth changes (Pérez-Barrales et al., 2006, 2007, 
2009; Santos-Gally et al 2013a; Pérez-Barrales et al. 2014), it remains unknown if it also 
involves the appearance of fragrance ecotypes. The high variability of chemical composition 
of fragrances in these Narcissus species, including among-population variation, (Dobson et al. 
1997) offers a promising avenue for further investigating the role of floral fragrances in the 
attraction of different functional pollinators and their consequences in the maintenance of 
stylar polymorphism. 
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Table 1. Results of the generalized linear models in the effect of morph (L- and S-styled), corona manipulation (removed and intact) and group 1 
size (one plant and three plants) on seed production in Narcissus papyraceus in a natural area region mainly long-tongued pollinators (dimorphic 2 
region) and short-tongued pollinators (monomorphic region) (see Material and Methods for analytical details) 3 
4 
Dimorphic region Monomorphic region 
Fixed factors Wald Chi-
square d.f. P 
Wald Chi-
square d.f. P 
Morph 1.649 1 0.002 3.687 1 0.055 
Corona 5.322 1 0.113 3.862 1 0.049 
Group 27.708 1 <0.001 81.329 1 <0.001 
Morph x Corona 4.370 1 0.046 5.199 1 0.023 
Morph x Group 14.303 1 <0.001 0.598 1 0.439 
Corona x Group 1.341 1 0.247 0.025 1 0.875 
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6 
7 
8 
9 
10 
11 
12 
13 
Page 34 of 43
35 
Table 2. Results of the generalized linear models to assess pollen limitation in a dimorphic and a monomorphic population of Narcissus papyraceus. The 1 
estimates from the GLM were power transformed to show the results in seeds. (see Material & Methods) 2 
Wald Chi-
square 
Supplemented Control 
Region d.f. P estimate s.e. estimate s.e.
Dimorphic L-styled plants 0.038 1 0.85 19.00 5.03 17.67 4.69 
S-styled plants 0.176 1 0.67 14.07 3.76 12.00 3.23 
Monomorphic L-styled plants <0.001 1 0.99 26.55 8.15 26.44 8.12 
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Figure legends 
Figure 1. Geographic range of populations of Narcissus papyraceus with areas  of long-styled 
monomorphism (L), anisoplethic dimorphism (L>S) and isoplethic dimorphism (L=S) 
depicted by dashed lines. Experimental populations: 1, Aznalcázar (Sevilla prov.); 2, La 
Alcaidesa (Cádiz prov,); 3, Bolonia (Cádiz prov). 
Figure 2. Spectral reflectance of Narcissus papyraceus flowers through UV and human vision 
wavelengths. The internal (grey circles) and external (white circles) tepals, and the external 
part of the corona (white squares) all peaked at ca. 425 nm with a reflectance around 60%, 
while the internal part of the corona (grey squares) peaked at the same wavelength but at ca. 
45% reflectance. 
Figure 3. A Narcissus papyraceus flower stained with neutral red (left). The floral corona is 
deeply stained, whereas the tepals are only slightly stained. A natural inflorescence of a long- 
styled plant photographed in the field (right; photograph by Víctor Fernández-Pasquier). 
Figure 4. Mean ± s.d. of VOCs emitted by long-styled (L) and short-styled (S) morphs of N. 
papyraceus. Experimental treatment refers to flowers where the crown was removed 
(treatment) while in the other remained intact (control). 
Figure 5. Predicted mean seed production ± s.e. from the generalized linear model to evaluate 
the effect of corona removal  on the seed production of long-styled (L) and short-styled (S) 
flowers of Narcissus papyraceus in a natural dimorphic region (A) and a monomorphic region 
(B)  
37 
1 
Figure 6. Predicted mean seed production ± s.e. from the generalized linear model to assess 2 
the effect of group size on seed production of long-styled (L) and short-styled (S) flowers of 3 
Narcissus papyraceus in a natural dimorphic region (A) and a monomorphic region (B)  4 
5 
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Figure 1. Geographic range of populations of Narcissus papyraceus with areas  of long-styled 
monomorphism (L), anisoplethic dimorphism (L>S) and isoplethic dimorphism (L=S) depicted by dashed 
lines. Experimental populations: 1, Aznalcázar (Sevilla prov.); 2, La Alcaidesa (Cádiz prov,); 3, Bolonia 
(Cádiz prov). 
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Figure 2. Spectral reflectance of Narcissus papyraceus flowers through UV and human vision wavelengths. 
The internal (grey circles) and external (white circles) tepals, and the external part of the corona (white 
squares) all peaked at ca. 425 nm with a reflectance around 60%, while the internal part of the corona (grey 
squares) peaked at the same wavelength but at ca. 45% reflectance. 
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Figure 3. A Narcissus papyraceus flower stained with neutral red (left). The floral corona is deeply stained, 
whereas the tepals are only slightly stained. A natural inflorescence of a long-styled plant photographed in 
the field (right; photograph by Víctor Fernández-Pasquier). 
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Figure 4. Mean ± s.d. of VOCs emitted by long-styled (L) and short-styled (S) morphs of N. papyraceus. 
Experimental treatment refers to flowers where the crown was removed (treatment) while in the other 
remained intact (control). 
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Figure 5. Predicted mean seed production ± s.e. from the generalized linear model to evaluate the effect of 
corona removal  on the seed production of long-styled (L) and short-styled (S) flowers of Narcissus 
papyraceus in a natural dimorphic region (A) and a monomorphic region (B) 
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Figure 6. Predicted mean seed production ± s.e. from the generalized linear model to assess the effect of 
group size on seed production of long-styled (L) and short-styled (S) flowers of Narcissus papyraceus in a 
natural dimorphic region (A) and a monomorphic region (B) 
254x190mm (72 x 72 DPI) 
Page 43 of 43
